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The aim of this study was to create and validate a full-body musculoskeletal 
model of a golfer performing a swing with their driver club. An elite female 
participant performed ten shots with her driver while wearing retro-reflective 
markers. An optical 3-D 6-camera system captured the kinematics of the markers 
at 400 Hz on the participant for each trial. A launch monitor device recorded the 
ball and club head conditions at impact. The kinematic data from one 
representative trial was selected to drive inverse and forward dynamics 
simulations of the created model. The validation results showed a very high level 
of agreement between experimental and simulated trajectories for selected 
markers (mean r = 0.966)  
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INTRODUCTION: Whilst the goal of the golf swing is relatively simple, it can be a difficult 
skill to become expert in (Bradshaw et al., 2009). Therefore a more detailed understanding of 
the mechanics of the movement would be beneficial for golfers and coaches alike. Computer 
modelling is a technique that has been used more extensively to investigate the golf swing in 
the last number of years (Nesbit, 2005; Kenny, McCloy, Wallace & Otto, 2008) as it can allow 
the researcher to study complex interactions between many biomechanical variables such as 
those present in the golf swing. However, for many models, the means of validation have not 
been presented in great detail.  
Modelling of the golf swing has developed from simplistic 2-D double-pendulum models 
(Cochran & Stobbs, 1968; Miura, 2001; White, 2006) to more complex 3-D full body models 
(Nesbit, 2005; Nesbit & Serrano, 2005; Betzler, Hoffmann, Shan & Witte, 2006; Kenny et al., 
2008; Nesbit and McGinnis 2009). Models constructed should only be as simplistic or 
complex as the research question demands. Full-body 3-D models allow for a better 
representation of the golf swing movement patterns than 2-D models due to the 3-D nature of 
the golf swing. This advantage of 3-D analysis, coupled with recent advancements in large-
scale modelling of the human body, led to the use of a full-body 3-D model of the golf swing 
in this particular study. 
Therefore, the aim of this study was to firstly, develop a large-scale, full-body 
musculoskeletal human model of a golfer and a driver club and secondly validate the model 
thus ensuring the human model and its motion in simulations as a valid representation of the 
participant in question and their motion. 
 
METHODS: Kinematic data for one elite female golfer participant (24 yrs, 1.7 m, 59.2 kg) 
were collected using a 6-camera set-up (Motion Analysis Corporation, Santa Rosa, 
California) operating at 400 Hz. Reflective passive surface markers placed on specific 
anatomical landmarks and the club shaft were used to track the body and club motion 
throughout the swing. The participant performed ten shots with both kinematic and launch 
monitor data captured simultaneously. A trial was accepted once the 3-D data were tracked 
completely and the launch monitor recorded the shot correctly. 
The motion analysis cameras and performance area were calibrated over a volume of 3.5 x 
2.8 x 3 m according the manufacturers’ protocol. The calibration results indicated an average 
residual marker position error less than 1 mm. A Vector Pro launch monitor (Accusport  
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Inc., North Carolina) was used to measure ball and club head characteristics at impact. The 
launch monitor was calibrated according to the manufacturers’ instructions. The raw marker 
data were then tracked within the Motion Analysis software, Cortex. A low-pass fourth–order 
Butterworth filter with a cut-off frequency (Fc) of 12 Hz was applied to the data. 
Following this, a representative trial from the ten shots performed was selected to be 
modelled. The base segment set of the model created in ADAMS/LifeMOD comprised 19 
segments. The model was constructed with 42 degrees of freedom. Joints consisted of a 
torsional spring force with user-specified stiffness, damping angular limits and limit stiffness 
values. Trainable passive joints for inverse dynamics analysis were created. In order to 
initiate the movement of the model, inverse and forward dynamics calculations were carried 
out with the imported motion data of 27 reflective markers on the person and club captured 
from one representative trial captured during experimentation. A physical environment of 
driver club and a ground surface was also modelled. With respect to the driver club, a flexible 
8-segment graphite shaft (carbon composite) connected the club head hosel to the grip was 
built. A club head was created that was composed of titanium material and had a mass of 0.2 
kg.  
In order to ascertain the validity of the model, extra markers were placed on the participant 
during experimental data collection that were not used to drive the model in the inverse 
dynamics simulation. These ‘extra’ markers were used to perform a kinematic validation of 
the model. A Pearson’s correlation analysis was carried out using PASW v18 (SPSS Inc, 
Chicago, IL, USA) to assess whether the simulated and the experimental curves of these 
extra markers were closely related. A root mean square difference (RMS) was also 
conducted to assess the absolute difference between the simulated and experimental 
curves.  
 
RESULTS: The results of the Pearson’s correlation (r) and the RMS between actual and 
simulated marker paths from the forward dynamics simulation are presented in Table 1. The 
results of this validation indicated that there was a high level of agreement between 
simulated and experimental marker trajectories of upper and lower regions of the body. All 
measures were significantly correlated (p < 0.01).  
Table 1: Pearson’s correlation (r) and RMS between simulated and experimental trajectories of 
validation marker paths 
 r RMS 
L Greater Trochanter 0.962* 0.027 
R Greater Trochanter 0.970* 0.025 
L Inferior Patella 0.924* 0.047 
R Inferior Patella 0.945* 0.035 
L Hand 0.998* 0.040 
R Hand 0.997* 0.020 
R - Right L - Left 
* Denotes significance at p < 0.01 
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Table 2: Differential values of displacements between experimental (Exp) and model (Mod) for 
two different phases of the swing 
 ADD – TOB (m) TOB – IMP (m) 
L Greater Trochanter 0.077 0.071 
R Greater Trochanter 0.020 0.027 
L Inferior Patella -0.017 -0.013 
R Inferior Patella 0.009 0.013 
L Hand 0.019 0.019 
R Hand 0.000 -0.008 
Positive value for difference indicates higher displacement for experimental swing 
Negative value for difference indicates higher displacement for model swing 
ADD= Address TOB= Top of Backswing IMP=Impact 
The peak club head velocity as measured by a club head toe marker in the model and the 
club head velocity as measured and calculated by the Vector Pro launch monitor indicated 
that there was a difference between the experimental and modelled data of 0.26 m/s.  
 
DISCUSSION: Appropriate model validation is a fundamental procedure that must be carried 
out in any modelling process. With respect to kinematic validation, there was a high level of 
correlation between simulated and experimental trajectory data for the validation markers 
listed. The addition of validation markers outside of those used to drive the model is a 
relatively new development in modelling and has been only reported in the models of Kenny 
et al. (2006, 2008) in relation to golf swing models. This study has similar findings to that of 
Kenny et al. (2008) with respect to the correlations and RMS results between simulated and 
experimental kinematic data. However, with respect to club head velocities there was closer 
agreement between simulated and experimental values in this study compared to that in 
Kenny et al. (2008) indicating an improvement on previous models in the literature. The 
inclusion of these markers enhanced the overall validation process. For the six kinematic 
measures, there was a strong average correlation value of 0.966 ± 0.03 with all measures 
significantly correlated. The RMS between experimental and simulated data was low also 
with an average value of 0.032 ± 0.010 m. The analysis of the differences in displacements 
of the validation markers showed there were average differences of 0.024 m and 0.025 m for 
the backswing and downswing phase respectively. This was highlighted in the outcome 
results with good agreement between the simulated peak club head velocity and the 
measured club head velocity in experimentation. 
 
CONCLUSION: A large-scale, full-body musculoskeletal model of the golf swing from a 
single-participant has been developed. This model was used to simulate the golf swing of a 
single highly-skilled participant. Validation results indicated that there was strong agreement 
between experimental and simulated movement patterns. Outcome validation in the form of 
peak club head velocity indicated that there was a marginal difference between experimental 
and simulated results. Thus, a validated model has been created that will be utilised in future 
research.  
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